1. Introduction
===============

Human 70 kDa hsp70 (heat-shock protein 70) gene is regulated by a number of stimuli, including heat shock (for a review, see [@B12]; [@B35]), heavy metals ([@B38]; [@B31]), serum replenishment after serum starvation ([@B37]), infection by adenovirus ([@B39]; [@B22]) and magnetic fields with flux densities ranging from microtesla to millitesla ([@B9]; [@B16]).

Biophysical input, including electric and EMFs (electromagnetic fields) regulate the expression of several genes ([@B1]). PEMFs (pulsed EMFs) also have a number of well-documented physiological effects on cells and tissues, including the up-regulation of gene expression of members of the TGFβ (transforming growth factor β) superfamily ([@B14]). Moreover, RF-EMFs (radio frequency EMFs) affect the cellular stress response, comprising expression of hsps and stimulation of SAPKs (stress-activated protein kinases; reviewed in [@B15]).

We have previously reported an increased luciferase gene expression in cultured HeLa and BMK16 cell lines transfected with hsp70 promoter, when cells were treated with 60 Hz sinusoidal EMFs at 8 and 80 μT ([@B34]). In subsequent work ([@B19]), we demonstrated the induction of hsp70 expression by EMFs of similar characteristics in the INER-37 cell line; however, magnetic field exposure had no effect on the RMA E7 cells.

Contradictory results have also been reported by [@B33], who observed that the effects of EMF exposure clearly differed with respect to the potentiation and inhibition of iNOS (inducible nitric oxide synthase) and MCP-1 (monocyte chemotactic protein-1) expression. Whereas iNOS was down-regulated both at the mRNA and protein levels, MCP-1 was up-regulated after overnight exposure of human monocytes to 1 mT/50 Hz extremely low-frequency sinusoidal EMFs.

The issue of EMFs effects on gene expression developed almost entirely from *in vitro* studies; however, *in vivo* studies can be a good model to establish the relationship between EMF exposure and gene expression. Recently, [@B13] demonstrated that 50 Hz/1 mT magnetic field exposure increased the transcription levels of pro-neuronal genes by using an *in vivo* hippocampal neurogenesis model in C57BL/6 mice.

In view of the continuing lack of agreement among researchers as to a definitive mechanism for the alteration of gene expression by EMF exposure in different biological models, we have undertaken an *in vivo* study to analyse the effect of 60 Hz sinusoidal magnetic field exposure at 80 μT in quadriceps muscle from BALB/c strain mice on the expression of the luciferase gene contained in a plasmid that includes the hsp70 promoter. This research is also an attempt to confirm the findings of [@B24], who claimed that hsp70 promoter contains magnetic field response elements.

2. Materials and methods
========================

2.1 Animals
-----------

BALB/c mice weighing 25--35 g (7--8 weeks old) were kept in a room with a 12 h light/12 h dark photoperiod, a temperature of 24--25°C and relative humidity of 40--50%. Animals were housed 5 per cage and allowed free access to standard laboratory pellets and tap water. Mice were born and raised in our breeding colony. After a 10-day quarantine period, animals were randomly distributed into experimental (EMF exposed) and control groups. This research project fulfilled all requirements of the University\'s Animal Care and Use for Research Protocol, which is based on the National Guidelines for Ethics and Biosafety under the General Law of Health for issues regarding Health Research, Ministry of Health, México City.

2.2 Plasmid construction
------------------------

The vector pNF-κB-luc (catalogue no. 631904, Clontech) was used after removal of the original promoter by using HindIII and Nhe1. The hsp70 promoter obtained from human whole blood using PCR was inserted. The resultant vector was called the pEMF (EMF plasmid). This gene construct also has the luciferase gene with a length of 1689 bp and a signal for polyadenylation of SV40 (simian virus 40) and the ampicillin-resistance gene.

2.3 Electrotransfer of DNA
--------------------------

Quadriceps muscles of the mice were surgically exposed. Electrotransfection was carried out according to a previously described procedure ([@B25]), using a syringe electrode device. In brief, this syringe electrode system consists of 2 U-100 insulin syringes bonded together at a distance of 0.6 cm between the two needles. The needles themselves served as electrodes, and were connected to a square-wave electroporater BTX T820 (Genetronics). One of the needles loaded with 50 μg of the gene construct (pEMF), in 20 μl of 0.85% saline was inserted into the quadriceps parallel with the long axis of the muscle fibres. The polarity applied in the muscle can be either anodic or cathodic. The other needle was inserted into the gastrocnemius. Electric pulses were immediately applied as previously recommended ([@B2]), electrical contact with the leg skin being ensured by shaving the leg and applying conductive gel. A total of six electric pulses were applied during 20 ms each. Electric field strength, scored in terms of the ratio of the applied voltage to the distance between the electrodes, was on average 250 V/cm. Electroporation was done at room temperature. Immediately after being injected, mice were exposed to magnetic fields following the directions mentioned below.

2.4 EMF exposure conditions
---------------------------

Mice were exposed to a 60 Hz/80 μT EMF for 2 h daily for 7 days. A magnetic field exposure facility with identical characteristics to the one used in our previous work ([@B18]) was used. A coil was built by winding 552 turns of 1.3 mm diameter enamel-insulated copper wire to form a cylindrical solenoid with a radius of 13.5 cm and a length of 71 cm. This solenoid was connected to a step-down transformer and a variable transformer that was plugged into a 110 V AC source. Animals were placed in the middle of this solenoid where the EMF was homogeneous, and kept at a temperature of 24±0.1°C and 40% humidity. An equal number of sham-treated animals were used as controls and were placed in the same room into an EMF device of identical design as the one mentioned above, but it was switched off.

Magnetic flux density (rms) was measured using an axial Hall-effect probe (Bell FW 6010 gaussmeter). An oscilloscope (BK-Precision model 2120) was coupled to the system to monitor the resulting field. A 80 μT (rms)/60 Hz alternating sinusoidal EMF was generated. The EMF frequency content was nearly pure 60 Hz (\<3% total harmonic distortion). The local temperature inside the solenoids with baffles present but without animals was measured setting the Bell FW 610 gaussmeter in Temp mode. The temperature value average was 24.0±0.10°C when the field was on and 23.9±0.11°C without current in the coils. No statistically significant differences were observed between two solenoids (Kolmogorov--Smirnov test for normality, followed by paired *t* test).

To keep the geometry of exposure, a plastic separator was placed inside the solenoid to allow the placement of uncaged mice in predetermined zones where the rms value of the EMF was 80 μT. A food container and a water bottle were also placed inside these compartments. Water and standard diet were offered *ad libitum.*

The magnetic field ambient background level was \<0.4 μT. Moreover, the local geomagnetic field was also measured, setting the gaussmeter in DC mode and by using an axial high sensitivity Hall probe (Integrity Design IDR-321 geomagnetometer, Essex Junction). The average value was 20 μT within the exposure room.

2.5 Protein expression and luminescence assays
----------------------------------------------

Mice were killed immediately after the last exposure. The quadriceps muscle was removed and 1 ml lysis buffer (0.1% Triton X-100, 2 mM EDTA and 0.1 M Tris/HCl, pH 7.8) added. The muscle was homogenized using a Tissue Tearor (model 985-370 Biospec Products), and centrifuged at 14 000 rev./min for 2 min. A 50 μl aliquot of the supernatant was analysed for activity according in a luciferase assay system (Promega), as described by [@B27]. Briefly, muscle lysates (20 μl) were added to 100 μl luciferin substrate, and luminescence measured using an MGM Instruments model Optocomp I Luminometer (serial no. 202379). Total protein was precipitated from 50 μl lysate with 10% trichloroacetic acid and dissolved in 0.1 M NaOH. Protein concentrations were determined by the method of [@B10]. Luciferase activity was adjusted for protein content by dividing the RLU (relative light units)/mg of protein (RLU by the protein concentration).

2.6 Experimental design
-----------------------

To evaluate EMF effects on luciferase gene expression in quadriceps muscle of pEMF-electrotransferred mice, four groups were used: (a) non-electrotransferred mice as a negative control and without EMF treatment, (b) pEMF electrotransferred mice, but not exposed to EMFs, (c) mice injected with the commercial expression vector pNF-κB-luc, but not exposed to EMFs and (d) pEMF-electrotransferred mice, exposed to EMFs at 80 μT 2 h daily for 7 days. Three animals were used for each group.

2.7 Statistical analysis
------------------------

Statistical differences were calculated among the groups by using ANOVA for normal distributions and the correspondent parametric Tukey test for establishing individual differences. The normality of the data was estimated by means of Kolmogorov--Smirnov test (*P*\<0.05). All analyses used SPSS for Windows, version 15.0. Differences were considered significant when *P*\<0.05.

3. Results
==========

[Figure 1](#F1){ref-type="fig"} shows the arithmetical means of RLU/mg of protein from pEMF electrotransferred mice exposed to magnetic fields at 80 μT compared with non-electrotransferred and pEMF-electrotransferred mice, but without EMF treatment. A control of pNF-κB-luc electrotransferred mice without EMF exposure was also included. These results indicated a statistically significant difference between the groups. The mice treated with EMFs showed increased gene expression compared with the controls. The pNF-κB-luc electrotransferred mice showed no increase in luciferase gene expression compared with the controls and EMF-exposed mice. In terms of percentage, EMF-exposed mice showed a considerable increase (87.6%) in luciferase gene expression when compared with pEMF non-exposed ones.

![Effect of 60 Hz sinusoidal EMF at 80 μT on the luciferase gene expression in quadriceps muscle of BALB/c mice\
The animals were exposed to EMFs 2 h daily for 7 days: (A) non-electrotransferred mice as a negative control and without EMF treatment, (B) pEMF electrotransferred mice but not exposed to EMF, (C) mice injected with the commercial expression vector pNF-κB-luc, not exposed to EMF, and (D) pEMF-electrotransferred mice exposed to EMFs. Three animals were used for each group. Bars represent means±S.D.](cbr019e014f01){#F1}

4. Discussion
=============

The diversity of biological effects attributed to EMFs is large; however, we chose to confine our *in vivo* experimental investigation to a single parameter, the very sensitive gene-biomarker of stress proteins and the possible expression by extremely low-frequency magnetic field exposure. The design of the experiment allowed us to see the effect of 60 Hz EMF exposure at 80 μT on the expression of hsp70 promoter in quadriceps muscle of mice. We previously found activation of hsp70 promoter in cultured HeLa and BMK16 cell lines ([@B34]) and in INER-37 cells ([@B19]) after exposure to 60 Hz EMFs of similar characteristics to the fields used in the present study. The vector here, called pEMF, included the three nCTCTn sequences previously described for the induction of hsp70 expression by magnetic fields. We also replicated the work of [@B24], who claimed that gene activation by EMFs requires the so-called EMF response elements, such as the ones contained in the gene construct we used.

The interaction between EMFs and DNA is poorly understood, but because it is well documented that electric and magnetic fields interact with membrane components ([@B4], [@B5]; [@B26]), it is possible that EMFs could be transduced by the membrane via an enzyme cascade into a biochemical messenger to the nucleus that leads to changes in DNA. On the other hand, it is known that magnetic fields are generally unattenuated by cell membranes, and therefore membrane processes may not be necessary for the signal to reach the DNA in the nucleus and stimulate a response ([@B6]). These authors have also proposed that EMFs can alter moving charges in the DNA ([@B7]). Conducting electrons in DNA were found by [@B32], who made direct measurements of electrical transport through DNA. Conduction in DNA depends on specific structures, since different DNA sequences have varying electrical conductivities ([@B29]). In view of these findings, EMFs could theoretically interact preferentially with specific DNA sequences and the EMF response elements in the hsp70 promoter, we used such sequences. Our human hsp70 promoter between −273 and −1 included all the sites involved in magnetic-field-induced hsp70 expression, as noted by [@B23].

On the other hand, [@B8] hypothesized a mechanism based on charge transfer in DNA. Electrons move in DNA, and specific DNA sequences are associated with the response to EMF. Interaction with electrons could displace electrons in H-bonds that hold DNA together leading to chain separation and initiating transcription. However, direct EMF effects on DNA are also possible through changes in chromatin conformation. Recently, [@B28] demonstrated that extremely low-frequency magnetic fields at low intensities affect conformation of nucleoids in bacterial *Escherichia coli* cells and even human lymphocytes.

We have found an increased luciferase gene expression in quadriceps muscle of mice exposed to 60 Hz EMFs compared with their control groups. These results agree with those of [@B30], who showed *in vivo* evidence of the effect of EMFs on ETS (E twenty-six)-oncogene expression. They observed an increase in ETS1 mRNA and protein expression in mice exposed to 50 MHz radiation modulated at 16 Hz. Moreover, [@B17] found that the Ntan1 gene was significantly increased approximately 1.5--2-fold in the hippocampus in 12-day-old or newborn mice that were successively exposed to magnetic fields at 100 mT for 2 h for four times per day.

In contrast, [@B20] observed no effect in cytokine gene expression in rat spleen after exposure to PEMFs. These results suggest that power-frequency EMFs are not a universal stressor like other physical agents, e.g. heat. Non-thermal induction of hsps, i.e. EMF induction, may occur as [@B11] suggested, and it appears pleiotropic for many other regulatory events. However, many of these studies are flawed by inconsistencies in their exposure models, cell types and the independent reproducibility of the findings.

There have been many attempts to develop a coherent explanation for the phenomena of EMF interactions with genes. Several studies ([@B36]; [@B21]; [@B3]; [@B40]) have proposed that magnetic field effects on ions, protein--ion complexes and membranes could account for indirect EMF effects on gene expression. A physical mechanism is suggested for a resonant interaction of weak EMFs with biological systems. An ion inside a Ca^2+^-binding protein is approximated by a charged oscillator. This, in turn, can affect the interaction of the ion with the surrounding ligands. Finally, this mechanism could act as a gate to control the movement of the ion across the cell membrane, affecting several cellular processes including gene expression. Following this viewpoint, many natural frequencies should exist in the cells of all kinds of living forms, dependent upon the cell elements, structures, components, alignment, etc.

In conclusion, our *in vivo* study suggests that the sinusoidal 60 Hz EMF can modify luciferase gene expression by activation of the hsp70 promoter in quadriceps muscle of mice. However, further studies using a variety of biological models under different experimental conditions are required to help clarify the controversy concerning the mechanism of altered gene expression induced by magnetic fields.
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